The aim of this study was to investigate the anti-hyperglycemic activity and mechanism of formononetin in alloxan-induced type 1 diabetic mice by determining its effect on some diabetes-related indices as described below. Body weight, fasting blood glucose, hepatic glycogen, serum insulin, and serum glucagon were determined by electronic scales, glucometer, and ELISA kits. Fas, Caspase-3, pancreatic and duodenal homeobox-1 , insulin receptor substrate 2, glucokinase and glucose transporter 2, mRNA and proteins levels in pancreas tissue, and glucokinase and glucose-6-phosphatase mRNA, and proteins levels in liver tissue were detected by fluorogenic quantitative-polymerase chain reaction and Western blot assays. The results indicated that formononetin (5, 10, and 20 mg/kg; oral administration) reversed the alloxan-induced increase of some indices (fasting blood glucose level and Fas and Caspase-3 mRNA and proteins levels in pancreas tissue) and reduction of some indices (body weight gain, oral glucose tolerance, insulin activity, hepatic glycogen level, pancreatic and duodenal homeobox-1, insulin receptor substrate 2, glucokinase and glucose transporter 2, mRNA and proteins levels in pancreas tissue, and glucokinase mRNA and protein levels in liver tissue). The glucagon level and glucose-6-phosphatase mRNA and protein levels in liver tissue were not affected by the drugs administration. In conclusion, formononetin exhibited anti-hyperglycemic activity in alloxan-induced type 1 diabetic mice by inhibiting islet B cell apoptosis and promoting islet B cell regeneration, insulin secretion, hepatic glycogen synthesis, and hepatic glycolysis.
Introduction
Diabetes, a chronic metabolic disease, afflicts approximately 3% of the world population and is characterized by hyperglycemia (excessive hepatic glycogenolysis and gluconeogenesis) resulting from the deficiency in the production of insulin or its action. 1 Diabetes is classified into types 1 and 2, and the etiology of type 1 diabetes is the absolute deficiency of insulin secretion, while the etiology of type 2 diabetes is a combination of insulin resistance with inadequate compensatory of insulin. 1, 2 Therefore, the important strategies in treating types 1 and 2 diabetes are to offset absolute deficiency of insulin secretion and control blood glucose level, respectively. 1, 2 Current oral anti-diabetic drugs mainly include a-glucosidase inhibitors used to decrease the intestinal glucose uptake, insulin releasers used to increase the insulin release, and insulin sensitizers used to increase the insulin action. 3 Since long-term use of anti-diabetic agents is the necessary condition for diabetic patients, decreased efficacy over time is an increasing problem for treating diabetes. 4 Therefore, it is important and urgent to research and develop novel drugs for treating diabetes.
Plants are always considered as a wonderful source for medicines, and it is estimated that 1200 species of plants can be used to treat diabetes. 5 Formononetin (FMN, Figure 1) , an isoflavanone, is widely distributed in leguminous plants such as Trifolium pratense L. and Pueraria lobata (Willd.) Ohwi. 6, 7 It is reported that FMN can facilitate the fangchinoline-induced insulin release in streptozotocin-diabetic mice, and it indicated that FMN may exhibit anti-hyperglycemic activity. 8 In this work, the anti-hyperglycemic activity and mechanism of FMN against alloxan-induced type 1 diabetes in mice were investigated by determining its effect on some diabetes-related indices including body weight, fasting blood glucose (FBG), glucose tolerance, hepatic glycogen, serum insulin, serum glucagon, Fas, Caspase-3, pancreatic and duodenal homeobox-1 (PDX-1), insulin receptor substrate 2 (IRS2), glucokinase (GK), glucose transporter 2 (GLUT2) mRNA, and proteins levels in pancreas tissue and GK and glucose-6-phosphatase (G-6-P) mRNA, and proteins levels in liver tissue. The results of this study showed that FMN exhibited anti-hyperglycemic activity in alloxan-induced type 1 diabetic mice by inhibiting islet B cell apoptosis and promoting islet B cell regeneration, insulin secretion, hepatic glycogen synthesis, and hepatic glycolysis.
Materials and methods

Chemicals and regents
Alloxan monohydrate, an accepted reagent used to induce type 1 diabetic model in animal, 9, 10 was purchased from Abcam (Cambridge, MA, USA). Xiaoke pill, an accepted drug used to treat type 1 diabetes, 11 was purchased from Guangzhou Baiyun Mountain Pharmaceutical Co., Ltd (Guangzhou, Guangdong, China). FMN was obtained from Chengdu Mansite Biology (purity !98%, Chengdu, Sichuan, China). Insulin, glucagon, and hepatic glycogen ELISA kits were provided by Huijia Biotechnology (Xiamen, Fujian, China) and Keshun Biotechnology (Shanghai, China). Trizol reagent and AMV first strand cDNA synthesis kit were provided by Invitrogen Life Technologies (Carlsbad, CA, USA) and JK GREEN (Beijing, China), respectively. SybrGreen qPCR master mix was obtained from DBI Bioscience (Ludwigshafen, Germany). Enhanced BCA protein assay kit was purchased from Beyotime (Haimen, Jiangsu, China). Primary antibodies for GAPDH, Fas, Caspase-3, PDX-1, IRS2, GK, GLUT2, and G-6-P were obtained from Abcam (Cambridge, MA, USA) or Cell Signaling Technology (Beverly, MA, USA). HRP-conjugated goat anti-rabbit secondary antibody was provided by OriGene (Beijing, China).
Animal
Male KM mice (20 AE 2 g body weight) were provided by Shandong University Laboratory Animal Center (Jinan, Shandong, China) and housed in a temperature controlled vivarium (25 C) with relative humidity of 65% and 12/12-h light-dark cycle. All mice had free access to water and food. All animal treatments were conducted in strict accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals. 12 All animal experiments were performed with the approval of the Ethics Committee of Linyi People's Hospital.
Establishment of type 1 diabetic model, grouping and treatment
The type 1 diabetic mouse model was established by alloxan based on the previous method. 9, 10 After fasting for 24 h, mouse was treated with 1% alloxan at a dose of 85 mg/kg by tail vein injection. Three days after fasting for 12 h, the FBG of mouse was determined using a Sinocare Inc. glucometer (Changsha, Hunan, China). If the FBG >11.1 mmol/L, it indicated that the type 1 diabetic mouse model was established successfully.
Mice with type 1 diabetes were randomly divided into five groups (n ¼ 10): model group, Xiaoke pill group, and low, middle and high doses of FMN groups. Normal mice without type 1 diabetes served as normal group (n ¼ 10). Mice in the normal and model groups were administrated orally with 0.5% sodium carboxyl methyl cellulose (CMC-Na) once a day for 28 days. Mice in the Xiaoke pill group were administrated orally with 200 mg/kg Xiaoke pill once a day for 28 days. Mice in the low, middle, and high doses of FMN groups were administrated orally with 5, 10, and 20 mg/kg FMN once a day for 28 days, respectively. Xiaoke pill powder and FMN were suspended in 0.5% CMC-Na to obtain their different concentrations so that the mice received an intragastric volume of 10 mL/kg.
Determination of body weight and FBG
After fasting for 12 h, mice body weight was determined by electronic scales on 0th, 7th, 14th, 21st, and 28th days during the drugs administration. Meanwhile, blood from the tail vein of each mouse was used to determine FBG level using a Sinocare Inc. glucometer on 0th, 7th, 14th, 21st, and 28th days during the drugs administration.
Oral glucose tolerance test
After fasting for 12 h on 28th day, mice in the different groups were treated with the corresponding drugs. After 0.5 h of drugs treatment, mice were administrated orally with 25% glucose solution at a dose of 2.0 g/kg. Then, the blood glucose of each mouse was determined using a Sinocare Inc. glucometer after 0, 0.5, 1, and 2 h of 25% glucose treatment. The blood glucose-time curve was plotted, and the blood glucose value and time served as Y and X axis, respectively. The area under the blood glucose-time curve (AUC) was calculated as follows: 13 Y1, Y2, Y3, and Y4 were the blood glucose value of mouse after 0, 0.5, 1, and 2 h of 25% glucose treatment, respectively. AUC was used to evaluate the effect of FMN on the oral glucose tolerance of mice with type 1 diabetes. The oral glucose tolerance test was performed independently to prevent the effect of glucose administration on determination of subsequent indices. 
Determination of insulin and glucagon
After determination of mice body weight and FBG, the blood of each mouse was collected from eyeball and centrifuged at 3000 r/min for 10 min at 4 C to obtain serum. Serum was used to determine insulin activity and glucagon level by the corresponding ELISA kit according to the manufacturer's instructions for each. After reactions were completed, absorbance was determined for each sample using a 680Microplate Reader (Bio-Rad, USA). The absorbance for insulin and glucagon was used to calculate their level or activity according to the corresponding standard curves.
Determination of hepatic glycogen
After blood was collected from eyeball, mice were sacrificed directly by decapitation to collect their pancreas and liver tissues. The part liver tissue was homogenized and centrifuged at 3000 r/min for 10 min at 4 C to obtain the supernatant, which was used to determine hepatic glycogen level by ELISA kit according to the manufacturer's instructions. The rest of the liver tissue and pancreas tissue were separately put into cryopreserved tubes and then were put into liquid nitrogen. Finally, they were stored in a refrigerator at À80 C.
Fluorogenic quantitative polymerase chain reaction assay
Liver and pancreas tissues were taken out from refrigerator, and then 100 mg liver tissue or pancreas tissue was ground into powder in a mortar with liquid nitrogen. Then, total RNA was isolated based on the standard protocol of Trizol reagent. The purity and concentration of total RNA samples were analyzed using a TU-1901 UV spectrophotometer (Persee, Beijing, China). Total RNA of pancreas tissue was used to determine Fas, Caspase-3, PDX-1, IRS2, GK and GLUT2 mRNA levels, and total RNA of liver tissue was used to determine GK and G-6-P mRNA levels. Equal amounts of total RNA (3 mg) for each sample were reversely transcribed using the AMV first strand cDNA Synthesis Kit. The primers for all genes were designed by Primer Premier 5.0 software based on the Genebank, and all primers ( Table 1) were synthesized by Sangon Biotech (Shanghai, China). GAPDH gene was selected as internal reference gene. Then, the reverse transcribed product (cDNA) along with primer and SybrGreen qPCR master mix were used for fluorogenic quantitative-polymerase chain reaction FQ-PCR amplification with an ABI 7500 PCR gene amplifier (Scottsdale, AZ, USA) programmed to 40 cycles at 95 C for 3 min initial step, then 95 C for 15 s, and 60 C for 40 s, with a final elongation step of 60 C for 40 s. Once the PCR was completed, gene amplification curves were plotted by the LightCycler480 Software Setup, and the Ct value for each gene was obtained. The relative level of target mRNA was calculated as follows:
. Ct1, Ct2, Ct3, and Ct4 were the target gene Ct in the test sample, the GAPDH gene Ct in the test sample, the target gene Ct in the calibrator sample, and the GAPDH gene Ct in the calibrator sample, respectively. The calibrator sample consisted of appropriate concentrations of target gene and GAPDH gene and was used to eliminate the error resulting from experimental operation process and instrument performance.
Western blot assay
After pretreatment with liquid nitrogen, tissue protein extraction reagent and centrifugation, total protein of liver tissue or pancreas tissue was extracted, and their concentrations were determined using Enhanced BCA Protein Assay Kit. Total protein of pancreas tissue was used to detect Fas, Caspase-3, PDX-1, IRS2, GK, and GLUT2 proteins levels. Total protein of liver tissue was used to detect GK and G-6-P proteins levels. Equal amounts of total protein (about 40 mg) were separated by sodium dodecyl sulfate/polyacrylamide and transferred to a PVDF membrane. After blocking with 5% non-fat milk, PVDF membranes were incubated with the corresponding primary antibodies overnight at 4 C. After washing with Tris-buffered saline-Tween (TBS-T), PVDF membranes were incubated with HRP-conjugated goat anti-rabbit secondary antibody in TBS-T for 2 h at room temperature. PVDF membranes were washed with TBS-T, and proteins were detected by chemiluminescence. GAPDH was selected as internal reference protein to assess the protein loading, and the relative level of target protein was represented as the target protein level/GAPDH level. 
Statistical analysis
All data are presented as mean AE standard deviation (SD). The differences among different groups were analyzed by one-way ANOVA of SPSS 21.0 (IBM SPSS Statistics, Armonk, New York City, USA). Differences were considered to be statistically significant at P < 0.05 or 0.01.
Results
Effect of FMN on body weight and FBG level of mice with type 1 diabetes
As shown in Table 2 , the mice body weight in all groups was gradually increased during the 28-day observation period.
The growth rate of body weight in model group was lower than that in the other groups. The statistical analysis of the body weight on 28th day suggested that the body weight in the model group was significantly (P < 0.01) lower than that in the normal group. After treatment with Xiaoke pill or FMN (5, 10, or 20 mg/kg), the body weight was increased significantly (P < 0.01) relative to that in the model group.
As shown in Table 3 , during the 28-day observation period, the FBG level in the normal and model groups was relatively stable, and the FBG level in the Xiaoke pill and FMN (5, 10, and 20 mg/kg) groups was gradually reduced. The statistical analysis of the FBG level on 28th day showed that the FBG level in the model group was significantly (P < 0.01) higher than that in the normal group. After treatment with Xiaoke pill or FMN (5, 10 or 20 mg/kg), the FBG level was reduced significantly (P < 0.01) relative to that in the model group.
Effect of FMN on oral glucose tolerance of mice with type 1 diabetes
As shown in Figure 2 (a), after treatment with glucose, the FBG level in the all groups was increased quickly from 0 to 0.5 h, and then the FBG level was gradually reduced. The AUC of the model group was increased significantly (P < 0.01), compared with the normal group (Figure 2(b) ). After treatment with Xiaoke pill or FMN (5, 10, or 20 mg/ kg), the AUC was reduced significantly (P < 0.01) relative to that in the model group.
Effect of FMN on insulin activity, glucagon level, and hepatic glycogen level of mice with type 1 diabetes
As shown in Figure 3 (a) and (c), the insulin activity and hepatic glycogen level in the model group were decreased significantly (P < 0.01) relative to those in the normal group. After treatment with Xiaoke pill or FMN (5, 10, or 20 mg/kg), the insulin activity and hepatic glycogen level were increased significantly (P < 0.01) relative to those in the model group. The hepatic glycogen level was not affected significantly by the drugs administration (Figure 3(b) ). Effect of FMN on Fas, Caspase-3, PDX-1, IRS2, GK and GLUT2 mRNA and proteins levels in pancreas tissue, and GK and G-6-P mRNA and proteins levels in liver tissue of mice with type 1 diabetes
The Fas and Caspase-3 mRNA and proteins levels of pancreas tissue in the model group were significantly (P < 0.01) higher than those in the normal group (Figures 4(a)  and 5(a) ). The PDX-1, IRS2, GK and GLUT2 mRNA and proteins levels of pancreas tissue in the model group were significantly (P < 0.01) lower than those in the normal group (Figures 4(b) and (c) and 5(b) and (c)). The GK mRNA and protein levels of liver tissue in the model group were significantly (P < 0.01) lower than those in the normal group (Figures 4(d) and 5(d) ). Compared with those in the model group, Xiaoke pill or FMN (5, 10 or 20 mg/kg) down-regulated significantly (P < 0.01) the Fas and Caspase-3 mRNA and proteins levels of pancreas tissue (Figures 4(a) and 5(a) ), up-regulated the PDX-1, IRS2, GK and GLUT2, mRNA and proteins levels of pancreas tissue (Figures 4(b) and (c) and 5(b) and (c)) and the GK mRNA and protein levels of liver tissue (Figures 4(d) and 5(d) ).
The G-6-P mRNA and protein levels of liver tissue were not affected significantly by the drugs administration (Figures 4(d) and 5(d) ).
Discussion
It has been reported that after treatment with alloxan, the blood glucose level and islet B cell apoptosis of mice were increased, and the body weight gain, glucose tolerance, hepatic glycogen level, and insulin secretion of mice were decreased. [14] [15] [16] Therefore, alloxan is an accepted reagent to induce type 1 diabetes. In the present study, the changes of all these indices had been observed in the alloxan-induced type 1 diabetic mice, and these changes were reversed by Xiaoke pill, an accepted drugs used to treat type 1 diabetes. 11 These results indicated that the alloxan-induced type 1 diabetic mouse model and Xiaoke pill were established and administrated successfully, respectively. In this work, we first investigated the antihyperglycemic activity of FMN by observing its effect on the alloxan-induced changes of FBG level and body weight gain in mice. Then, the anti-hyperglycemic mechanism of FMN was explored by observing its effect on the alloxaninduced changes of islet B cell apoptosis and regeneration, insulin secretion, hepatic glycogen synthesis, and hepatic glycolysis in mice. Body weight and FBG level are two general indices to evaluate whether the diabetic mouse model is established successfully or drug exhibits anti-hyperglycemic activity. 17 Our results found that FMN reversed the alloxan-induced reduction of body weight gain and increase of FBG level in mice with alloxan-induced type 1 diabetes (Tables 2 and 3 ), suggesting that FMN exhibited anti-hyperglycemic activity in alloxan-induced type 1 diabetic mice.
Islet B cell apoptosis and regeneration have an important influence on diabetes treatment. 18 Islet B cell can regulate the blood glucose level to be normal by secreting insulin. 19 If the balance between the islet B cell apoptosis and regeneration were broken, the blood glucose level is out of control. PDX-1 induces the differentiation of pancreatic duct cells or some other cells into islet B cell and inhibits islet B cell apoptosis. [20] [21] [22] IRS2 is a vital regulatory factor in promoting islet B cell proliferation and differentiation and inhibiting islet B cell apoptosis. 23 Fas and Caspase-3 are two important factors in promoting cell apoptosis. 24 Our results indicated that FMN reversed the alloxan-induced increase of islet B cell apoptosis and inhibition of islet B cell regeneration by down-regulating the Fas and Caspase-3 mRNA and proteins levels and up-regulating the PDX-1 and IRS2 mRNA and proteins levels in pancreas tissue of mice with alloxan-induced type 1 diabetes (Figures 4(a) and (b) and 5(a) and (b)).
GK and GLUT2 play important roles in the insulinsecreting function of islet B cell. GK promotes glucose metabolism, which can induce insulin secretion. 25 GLUT2 can induce insulin secretion by promoting the glucose transportation from blood into islet B cell and the release of insulin from islet B cell into blood. 26 Our results indicated that FMN reversed the inhibitory effect of alloxan on insulin secretion (Figure 3(a) ) by up-regulating the GK and GLUT2 mRNA and proteins levels in pancreas tissue of mice with alloxan-induced type 1 diabetes (Figures 4(c) and 5(c) ).
Liver is the main organ of glucose metabolism, and glycolysis, gluconeogenesis, and glycogen synthesis are the key methods of liver to regulate blood glucose level. 27 In the normal body, hexokinase is the rate-limiting enzyme of hepatic glycolysis, 28 but in the body with diabetes, the ratelimiting enzyme is GK. 29 G-6-P is a key enzyme for hepatic gluconeogenesis. 30 Glucagon promotes hepatic glycogen degradation and inhibits hepatic glycogen synthesis. 31 Oral glucose tolerance is an important index to evaluate the glucose metabolism of body. 32 Our results found that the glucagon level (Figure 3(b) ) and the G-6-P mRNA and protein levels in liver tissue (Figures 4(d) and 5(d)) were not affected by the drugs administration, suggesting that FMN did not promote hepatic glycogen degradation and gluconeogenesis. FMN reversed significantly the inhibitory effects of alloxan on hepatic glycogen synthesis (Figure 3(c) ) and hepatic glycolysis by up-regulating the GK mRNA and protein levels in liver tissue of mice with alloxan-induced type 1 diabetes (Figures 4(d) and 5(d) ).
Meanwhile, the results of oral glucose tolerance test also indicated that FMN promoted hepatic glycogen synthesis or glycolysis of mice with alloxan-induced type 1 diabetes ( Figure 2 ).
In conclusion, this work showed that FMN exhibited anti-hyperglycemic activity in alloxan-induced type 1 diabetic mice by inhibiting islet B cell apoptosis and promoting islet B cell regeneration, insulin secretion, hepatic glycogen synthesis, and hepatic glycolysis. Therefore, FMN may be used as a drug candidate to treat type 1 diabetes, and there is a need to further investigate FMN in this regard.
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